The neutron-shell structure of 25 F was studied using quasi-free (p,2p) knockout reaction at 270A MeV in inverse kinematics. The sum of spectroscopic factors of π0d 5/2 orbital is found to be 1.0 ± 0.3. However, the spectroscopic factor for the ground-state to ground-state transition ( 25 F, 24 O g.s. ) is only 0.36 ± 0.13, and 24 O excited states are produced from the 0d 5/2 proton knockout. The result shows that the 24 O core of 25 F nucleus significantly differs from a free 24 O nucleus, and the core consists of ∼35% 24 O g.s. and ∼65% excited 24 O.
The neutron-shell structure of 25 F was studied using quasi-free (p,2p) knockout reaction at 270A MeV in inverse kinematics. The sum of spectroscopic factors of π0d 5/2 orbital is found to be 1.0 ± 0.3. However, the spectroscopic factor for the ground-state to ground-state transition ( 25 F, 24 O g.s. ) is only 0.36 ± 0.13, and 24 O excited states are produced from the 0d 5/2 proton knockout. The result shows that the 24 O core of 25 F nucleus significantly differs from a free 24 O nucleus, and the core consists of ∼35% 24 O g.s. and ∼65% excited 24 O.
PACS numbers:
In the independent particle picture [1] , a nucleon is moving without any correlation with other nucleons. Building upon this, shell models successfully describe many nuclear properties by introducing residual interactions [2] . The residual interactions perturb the single particle wavefunction and cause nucleons to become correlated. Theoretically, the degree of independence of a nucleon of a specific single particle orbital (SPO) can be characterized using the spectroscopic factor (SF) [3] , which is related to the occupancy of the SPO. Using electron or proton-induced knockout or transfer reactions on most stable nuclei, the integrated SFs for a given orbital are limited to ∼ 0.7 [4, 5] . The reduction from unity is attributed to the short-and long-range correlations among the nucleons [6] .
In the particular case of nuclei with a single valence nucleon and a doubly magic core, the residual interaction between the valence nucleon and the core is weak due to the closed-shell nature of the core. For example, the pairing correlation is weak [7] . The SFs of ground-state to ground-state transitions are experimentally in the range of 0.8 − 1.1 for 17 F = p+ 16 O g.s [8] [9] [10] , 41 Sc = p+ 40 Ca g.s [11, 12] , 49 Sc = p+ 48 Ca g.s [13] , and 209 Bi = p+ 208 Pb g.s [14] [15] [16] .
A (p,2p) quasi-free knockout reaction can be used to extract the SF of a proton SPO (π-SPO) [3, 17] using experimental cross sections and theoretical single-particle cross sections. With the approximations in Ref. [3, 17] , the cross section (σ ) is proportional to the square of the overlap between a target ( A Z) and the knocked-out proton and a residual nucleus [ A−1 (Z-1)] wave functions [3] as
where |π j is the j-th π-SPO, ⊗ is the spin-isospin coupling and antisymmetrization operator. i indicates the state of the residual nucleus. α i (ν) is the overlap of the neutron orbitals and β i (π j ) is the overlap of the proton orbitals. Usually, in proton-removal reactions such as 16 O(p,2p) [18] and 40 Ca(p,2p) [19] , the neutron part is assumed to be inert and α i (ν) = 1. Thus the SF is directly related to the overlap of the proton orbitals.
In the special case where the knocked-out proton is in a SPO to a good approximation, i.e., β j (π j ) = 1, the reacarXiv:1810.10113v1 [nucl-ex] 23 Oct 2018 tion can be used to investigate the neutron-shell structure via the overlap α i (ν). In this Letter we apply this method to neutron-rich fluorine isotopes of 23, 25 F. The cores of 23 F and 25 F are 22 O and 24 O with a proton magic number of 8 and neutron semi-magic number of 14 and 16 [20, 21] , respectively. Particularly, 24 O is known to have established doubly magic nature [22, 23] . The pn correlation energies of 23 F and 25 F are small and equal 0.7 MeV and 0.1 MeV, respectively [24] . Therefore, the pn pairing correlation is considered to be weak. In addition, the oxygen dripline anomaly, i.e., the drastic change in the neutron dripline from N = 16 for oxygen to N = 22 for fluorine, indicates that the structure of the neutron shell may drastically change due to the addition of one 0d 5/2 proton. A previous work reports that the SF extracted from the 12 C( 25 F, 24 O) reaction at 50.4A MeV is as small as 0.4 [25] . No detailed discussion is made in Ref. [25] and it is concluded that experiments with higher precision are necessary in order to infer a change of the structure. On the other hand, the (p,2p) reaction has demonstrated to be a good spectroscopic tool to investigate single particle properties of stable [5] and unstable nuclei [30, 31] .
In this letter, the experimental results for a (p,2p) proton knockout reaction of 23, 25 F are presented. The 25 F data is compared to the distorted-wave impulse approximation (DWIA) calculations. The overlap between the oxygen core of 25 F and the 24 O g.s. is as small as ∼35%. The data for 23 F shows similar feature. The (p,2p) quasi-free knockout experiments with exclusive measurements using 25 F and 23 F beams were performed at the Radioactive Isotopes Beam Factory operated by RIKEN Nishina Center and Center of Nuclear Study, The University of Tokyo. The primary beam of 48 Ca at 345A MeV with an intensity of 200 pnA hit a 30-mm thick 9 Be target, and then a secondary beam was produced and transported through the BigRIPS [26] to the SHARAQ spectrometer [27] . The BigRIPS was tuned to provide a cocktail beam, which included 25 F. The particle identification (PID) of the secondary beam was conducted using the ∆E-TOF-Bρ method. The intensity, energy, and purity of 25 F were 1.69 × 10 4 pps, 277A MeV, and 42%, respectively. A 23 F cocktail beam was also produced and analyzed. The secondary target was a 1-mm thick C 10 H 8 crystal [28, 29] . FIG. 1 shows the detector setup around the target. Details can be found in Ref. [30] .
The upstream PID, the proton-proton coincidence, the reaction vertex, and the residues PID were used to identify the reaction channel. The missing four-momentum of the residual 24 O was reconstructed using
where P are the four-momenta of the oxygen residues (O), the fluorine nucleus (F), the target proton (T ), and the two scattered protons (1 and 2). The excitation energy E x of the residual oxygen was then deduced by
where m(P O ) is the invariant mass of oxygen residues P O , and m O is the mass of ground state oxygen. The residual oxygen nucleus can be excited above the neutron-emission thresholds and produce 24−n O isotopes. PID of the reaction fragments was used to select a group of excited states in 24 The orbital of the knocked-out proton for each channel can be identified by comparing the experimental proton momentum distribution to the DWIA calculation and the parity of the known states of the oxygen residues. Additionally, the estimated shell-gap energy between π0d 5/2 and π0p 1/2 orbits could also support the orbital assignment. The momentum distribution of the knocked-out proton was reconstructed using the incident fluorine nucleus and the two scattered protons in the rest frame of the fluorine nucleus.
To compare the experimental momentum distribution and extract the SF (S exp ), DWIA calculations were conducted using the codes PIKOE [33] with a microscopic folding potential based on the Melbourne G-matrix interactions [34] and nuclear densities calculated with the single particle potential by Bohr and Mottelson [35] . The calculations use the single proton wavefunction from the Woods-Saxon potential with a half-potential radius and a diffuseness parameter of 1.27A 1/3 fm and 0.67 fm, respectively [35] . These Wood-Saxon parameters is consistent with the optical potential [30] . The potential depth is calculated by matching the separation energy. A Coulomb radius of 1.25A 1/3 fm is used. Another DWIA calculation is performed with code THREEDEE [36] with the Dirac phenomenological potential with the parameters set EDAD2 [37] . The results of both calculations agree within 5%.
The theoretical cross-section (σ th ) for a unit SF integrated over the detector acceptance is shown in Table. I, together with the experimentally integrated cross section (σ exp ). The error of the DWIA-integrated cross-section was evaluated by taking the energy-dependence of the cross section and the uncertainty of the Wood-Saxon parameters into account. Finally, dividing the experimentally integrated cross-section by the theoretical integrated cross section, the SF (S exp ) was obtained.
FIG . 3 shows the experimental and theoretical proton momentum distributions of the ( 25 F, 24 O) and ( 25 F, 23 O) channels. Because the significant contribution of the s-orbital is not seen, one can consider that the protons are knocked out from the 0d 5/2 orbital in both channels. Since 24 O does not have a bound excited state, this channel contains only the ground state. The parity of the 24 O ground state is positive, and the momentum distribution [FIG. 3(a) ] shows that the ( 25 F, 24 O) channel is due to the knockout of 0d 5/2 proton.
The momentum distribution for the ( 25 F, 23 [8, 11] , ♦ [9, 13] , [25] , present work). Solid symbols represent the ground-state to ground-state channel. Open symbols represent the total strength of 0d 5/2 π-SPO. Shaded red circle is the sum of SFs of the ( 23 F, 22 O) channel, which contains contributions from ground and excited states.
The red circles in FIG. 4 show the SFs of the valence protons in 23, 25 F, where the solid circle denotes ground-state to ground-state transitions, the shaded circle is the sum of SFs from the observed d-orbital knockout channels, and the open circle is the estimated total strength from the d-orbital knock-out. Blue symbol denotes the data of the ground-state to ground-state transition for other proton + doubly magic nuclei. It should be noted that the SFs are original values presented in the references and can be subject to change when modern shell model calculations and reaction analyses are applied. However, a small change of ∼ 0.2 − 0.3 in the shown cases with large SFs, does not affect the following discussion.
The SF of the ( 25 F, 24 O) channel is found to be 0.36 ± 0.13 which is significantly smaller than unity. The result is compatible with that of Ref. [25] (FIG. 4) .
The quenching of the 0d 5/2 proton is not solely responsible for the reduction of proton SF [6] . The SF of 0.65 ± 0.25 for the ( 25 F, 23 O) channel, which is due to the 0d 5/2 proton knockout, indicates that part of the proton 0d 5/2 strength is fragmented to the 24 O excited states. The sum of the SFs of the 0d 5/2 proton from the ground state to the excited states is 1.0 ± 0.3. This value is close to that of the ground-state to ground-state transition for 17 F, 41 Sc, 49 Sc, and 209 Bi. Thus, it is reasonable that the 0d 5/2 proton is in a SPO, and the magicity at Z = 8 is persistent in 25 F.
Considering the 0d 5/2 proton is in a SPO, the small overlap is due to the difference in the neutron shell structure [Eq. (1) A strong pn tensor interaction induced by the 0d 5/2 proton in 25 F [FIG. 5(a) ] may be a plausible mechanisms for the change in the neutron-shell structure. A first-order effect of the tensor interaction by the 0d 5/2 proton [FIG. 5(a) ] [38] [39] [40] attracts the 0d 3/2 neutrons and repels the 0d 5/2 neutrons. A reduction in the ν0d 5/2 -ν0d 3/2 energy gap results in a larger configuration mixing among the neutron orbits, causing a change in the structure of the 25 F core from 24 O g.s. . It should be noted that a recent γ-ray spectroscopy experiment revealed an additional 1.7 MeV 1/2 + level in 25 F [41] . This may indicate the disappearance of N = 16 magicity and be related to the configuration mixing.
Shell model calculations with 0, 1, and 2hω excitation were carried out to clarify whether the SFs are explained by present nuclear theories. The calculations use the OXBASH [42] with the USDB (sd model space) [43] , SFO (psd model space) [44] , and SDPF-MU (sdpf model space) [45] interactions. The results of the ground-state SF (Table I ) are in the range of 0.9 − 1.0, contradicting with the experimental results (S exp ).
The contradiction could be attributed to nuclear correlations that are not fully taken into account in the shell model calculations employed above. One possibility is stronger tensor correlation in the region. Although the effective interactions including the tensor component are successfully reproduced in many experimental results, the lack of data in the very neutron-rich oxygen and fluorine region may limit the accuracy. Ref. [41] found that 60% of 25 F ground state is 1-particle state from N 2 LO calculation using constrains from the latest measurement of the level scheme. This suggests the 3N force is important. As a sensitivity test for the possibility of a stronger pn tensor interaction, shell model calculations based on USDB interaction with a modified ν0d 3/2 single-particle energy (SPE) have been explored. Since the pn tensor interaction lowers the ν0d 3/2 SPE [FIG. 5(a) ], the ν0d 3/2 SPE may be a suitable parameter to represent the tensor force strength. To reproduce the results of the present work, the ν0d 3/2 SPE must be lowered by 3 − 4 MeV [FIG. 5(b) ]. This suggests a stronger pn tensor interaction in the structure of neutron-rich fluorine and oxygen isotopes. A more sophisticated self-consistent modification of all matrix elements would be needed to properly understand the effect of the tensor force, while out of the scope of the present experimental work.
A sudden change in the neutron-shell structure due to the 0d 5/2 proton may provide insight into the oxygen neutron dripline anomaly. The pn tensor interaction lowers the energy of the ν0d 3/2 orbital. This may paves the path for a long fluorine neutron dripline and extend the dripline from N = 16 for oxygen to N = 22 for fluorine. The 3N force can also play a considerable role in describing the nuclear structures of flu-orine isotopes [41, 46] . The present work suggests that the effects of the pn tensor interaction in the widely used effective interactions may be too weak to reproduce the observed difference between the 25 F core and 24 O g.s. . Together with the experiments discussed in Ref. [39, [47] [48] [49] , the mechanism on how the 0d 5/2 proton changes the neutron-shell structure may be revealed.
In conclusion, the neutron-shell structure of 25 F is investigated using the (p,2p) quasi-free knockout reaction at 270A MeV under inverse kinematics. The 0d 5/2 proton knockout from 25 F populates the 24 O ground state with a smaller probability than the 24 O excited states. This result indicates that the oxygen core of 25 F is considerably different from 24 O g.s. , and has a larger overlap with the excited states of 24 O. The change in the neutron-shell structure due to the 0d 5/2 proton may be responsible for the small overlap between 25 F and 24 O g.s . A comparison with the shell model calculations indicates that the USDB, SFO, and SFPD-MU interactions are insufficient to reproduce the present results. A stronger tensor force or other mechanism such as the 3N force effects, or both, might be need to explain the experimental results. More experimental and theoretical studies are necessary to clarify the mechanism for the change in the core of neutron-rich fluorine from ground-state of oxygen isotopes.
